
O R I G I N A L  R E S E A R C H

Donepezil-Loaded Nanocarriers for the Treatment 
of Alzheimer’s Disease: Superior Efficacy of 
Extracellular Vesicles Over Polymeric Nanoparticles
Rummenigge Oliveira Silva 1, Hermine Counil1, Jean-Michel Rabanel 2, Mohamed Haddad1, 
Charlotte Zaouter1, Mohamed Raâfet Ben Khedher1,3, Shunmoogum A Patten1, Charles Ramassamy1

1Centre Armand-Frappier Santé Biotechnologie, Institut National de la Recherche Scientifique, Laval, Québec, Canada; 2Faculté de Pharmacie, 
Université de Montréal, Montréal, Québec, Canada; 3Higher Institute of Biotechnology of Beja, University of Jendouba, Beja, Tunisia

Correspondence: Charles Ramassamy, INRS, Centre Armand-Frappier Santé Biotechnologie, 531 Boul des Prairies, Laval, QC, H7V 1B7, Canada, 
Tel +450-687 50 10, Email charles.ramassamy@inrs.ca 

Introduction: Drug delivery across the blood-brain barrier (BBB) is challenging and therefore severely restricts neurodegenerative 
diseases therapy such as Alzheimer’s disease (AD). Donepezil (DNZ) is an acetylcholinesterase (AChE) inhibitor largely prescribed 
to AD patients, but its use is limited due to peripheral adverse events. Nanodelivery strategies with the polymer Poly (lactic acid)-poly 
(ethylene glycol)-based nanoparticles (NPs-PLA-PEG) and the extracellular vesicles (EVs) were developed with the aim to improve 
the ability of DNZ to cross the BBB, its brain targeting and efficacy.
Methods: EVs were isolated from human plasma and PLA-PEG NPs were synthesized by nanoprecipitation. The toxicity, brain 
targeting capacity and cholinergic activities of the formulations were evaluated both in vitro and in vivo.
Results: EVs and NPs-PLA-PEG were designed to be similar in size and charge, efficiently encapsulated DNZ and allowed sustained 
drug release. In vitro study showed that both formulations EVs-DNZ and NPs-PLA-PEG-DNZ were highly internalized by the 
endothelial cells bEnd.3. These cells cultured on the Transwell® model were used to analyze the transcytosis of both formulations after 
validation of the presence of tight junctions, the transendothelial electrical resistance (TEER) values and the permeability of the 
Dextran-FITC. In vivo study showed that both formulations were not toxic to zebrafish larvae (Danio rerio). However, hyperactivity 
was evidenced in the NPs-PLA-PEG-DNZ and free DNZ groups but not the EVs-DNZ formulations. Biodistribution analysis in 
zebrafish larvae showed that EVs were present in the brain parenchyma, while NPs-PLA-PEG remained mainly in the bloodstream.
Conclusion: The EVs-DNZ formulation was more efficient to inhibit the AChE enzyme activity in the zebrafish larvae head. Thus, 
the bioinspired delivery system (EVs) is a promising alternative strategy for brain-targeted delivery by substantially improving the 
activity of DNZ for the treatment of AD.
Keywords: Alzheimer’s disease, donepezil, extracellular vesicular, PLA-PEG, bEnd.3 cells, zebrafish

Introduction
Alzheimer’s disease (AD) is a progressive neuropathological disease. In 2021, the World Alzheimer Report estimated 
that more than 55 million people were living with AD worldwide, a number that is expected to increase to 78 million by 
2030 if no alternative treatment is presented.1

To date, there is still no effective treatment to reverse or slow the progression of AD. So far, the approved treatment 
of AD by the United States Food and Drug Administration (FDA) is primarily based on the inhibition of the acetylcho-
line esterase (AChE), the main enzyme that degrades the neurotransmitter acetylcholine in the brain2–4 and the 
monoclonal antibodies (Aducanumab, Lecanemab, Gantenerumab) targeting amyloid-β which are new bets to reduce 
the progression of the disease.5 However, until recently, very limited clinical efficacy based on the anti-amyloid-β 
immunotherapy have provided beneficial effects in AD.6 Among the AChE inhibitors, donepezil (DNZ) is a piperidine- 
based, non-competitive and reversible inhibitor of AChE, and the most potent approved drug for the therapeutic 
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management of mild to moderate AD.7,8 Differing to what was previously thought, recent publications have shown that 
DNZ could also provide a neuroprotective effect that can help to slow down the progression of the disease in addition to 
symptomatic treatment.9,10 However, DNZ exhibits extensive first-pass metabolism resulting in a low brain 
bioavailability.11 This leads to the need for higher doses to achieve and maintain therapeutic effect in the brain.12 As 
a result, patients experience more peripheral adverse events that are mainly associated with cholinergic functions (nausea, 
diarrhea, dizziness, and insomnia) causing a low compliance to treatment.13–15

Nano delivery strategies are widely studied to improve drug distribution by associating lower side effects, targeting, 
reducing rapid liver metabolism, and better therapeutic efficacy.16,17 Nanoparticles (NPs) are drug encapsulation vehicles 
with ultra-small dimensions (10–1000 nm), high surface area, and functionalizable structure.18,19 The ability of these 
systems to cross cell membranes, reduce drug degradation can be achieved by optimizing the size, surface charge, shape, 
chemical composition, and surface properties.20 NPs were developed with the biocompatible and biodegradable aliphatic 
homopolymer PLA, which is approved by the FDA and the European regulatory authorities for a wide range of biomedical 
and pharmaceutical applications.21 We and others have demonstrated that NPs-PLA are able to project sustained release, 
surface changes that make it possible to target organs or cells, and in addition to higher protection of drugs against 
degradation.22–24 When NPs-PLA are functionalized through PEGylation (adding PEG to the surface of NPs), this process 
has been shown to be a powerful way to prolong the circulating half-life of drug-loaded nanocarriers, enabling drug 
transport across the BBB, and being able to improve the accumulation and diffusion of NPs in the brain parenchyma.24–28

Although synthetic drug delivery systems are currently the most investigated clinically, biological or bioinspired 
nanocarriers are increasingly considered as an alternative because they have numerous advantages over existing synthetic 
systems.29 An example of this innovation for drug delivery purposes are EVs. EVs are nanometer-sized vesicles released 
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naturally by almost all cell types in the body and are classified into exosomes, microvesicles, and apoptotic bodies 
depending on their size.30 EVs are composed of a complex composition of bilayers containing different lipids, proteins, 
carbohydrates, DNA, RNAs, and surface-associated molecules.31 The ability to transport and deliver biomolecules over 
short or long distances makes them attractive for drug delivery purposes.32,33 EVs are constantly released into circulation 
by all cell types in the body, making human peripheral blood a safe source and potential therapeutic tool.34,35 When it 
comes to pharmacokinetics, native EVs formed in the body may have longer circulation half-lives and/or site-specific 
targeting mechanisms that undergo less hepatic clearance.36 Higher biocompatibility, less immunogenicity, and the 
possibility of being obtained from the patient’s own cells (autologous) or through blood/plasma (autologous/alogenous) 
are some of its positive features.37 This approach is in line with personalized medicine, which aims to tailor clinical 
treatments to the specific characteristics of each patient’s disease. EVs have gained more attention as drug delivery 
systems to the brain particularly because some studies showed that they can cross the BBB from the systemic circulation 
to the brain and vice-versa.38,39

Therefore, this work aims to compare the efficacy of DNZ-loaded synthetic (NPs-PLA-PEG) and bioinspired (EVs) 
nano delivery systems to cross the BBB and to release the drug. To achieve this goal, DNZ was encapsulated in EVs 
isolated from healthy human plasma and in NPs-PLA-PEG. Subsequently, the delivery systems were side-by-side 
evaluated for cellular internalization, toxicity, ability to cross biological barriers, biodistribution, and inhibition of the 
AChE enzyme activity and on in vivo model of zebrafish larvae.

Materials and Methods
EVs Isolation
Peripheral blood was collected from healthy donors between 18 and 60 years of age and gave written informed consent. 
In brief, blood was collected into EDTA tubes and plasma was prepared by centrifugation at 3000 × g for 15 min at 4°C. 
Plasma was aliquoted and stored in tubes at −20°C until further analysis. All methods were carried out by relevant 
guidelines and regulations and all experimental protocols were approved by the Ethical Committee of the Institut 
National de la Recherche Scientifique (INRS-CER 20-582).

Samples were defrosted and EVs enrichment was achieved by precipitation according to the manufacturer’s protocol 
with some modifications (ExoQuick - Invitrogen™ by Life Technologies Inc., Carlsbad, CA, USA). In brief, 60 μL of 
ExoQuick was added to a 300μL plasma sample and incubated for 30 min at 4°C. After incubation, the precipitate was 
spun down (10.000 x g, 5 min at 4°C), and the resulting pellets were washed, filtrated, and resuspended in PBS. The EVs 
fraction was stored at −20°C until further use.

Total Protein Determination
The EVs fraction were initially extracted using RIPA buffer (Sigma-Aldrich, St Louis, USA) with a cocktail of protease 
inhibitors (Sigma-Aldrich) in the proportion of 1 to 4 EVs then protein contents were measured using the BCA protein 
assay kit (Thermo Scientific Pierce, Rockford, IL, USA). The plate was incubated for 30 min at 37°C, before being 
analyzed with a spectrophotometer at 562nm in a microplate reader (SynergyTM HT, BioTek Instruments, Inc. Winooski, 
VT, USA).

Donepezil (DNZ)-Free Base Preparation
To ensure good encapsulation efficiency, the drug DNZ-HCL was converted to its base form. The DNZ-HCL (Sigma- 
Aldrich, St Louis, USA) was dissolved in distilled water and treated with 1% sodium hydroxide. The precipitate was 
dissolved in methanol (Sigma-Aldrich, St Louis, USA) and the dissolved base was then dried at room temperature.

Preparation of EVs-DNZ
To prepare DNZ-loaded EVs (DNZ-EVs), DNZ (1000 μg) was sonicated in Milli-Q water (250 μL) for 5 min to increase 
its water solubility and then added to 1 mg/mL EVs in PBS. The mixture was sonicated three times using a QSonica 
Q125 sonicator (Newtown, CT) with a 1/8′′ diameter probe operating at 20% amplitude and 6 cycles of 4 s on/2 s off, 
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with 2 min intervals on ice between cycles. To recover the EVs, the sonicated solution was incubated at 37 °C for 60 min. 
EVs were washed in PBS using an ultrafiltration device (Amicon Ultra-2 centrifugal filters, MWCO 100k, Merck 
Millipore, Darmstadt, Germany) to remove unloaded DNZ. DNZ-EVs were kept at −20 °C until further use.

PKH26-Labeled EVs
100μg of EVs were resuspended in 250 μL of Diluent C (Sigma) and then mixed with 250 μL of 8 μM of PKH26 
(Sigma) in Diluent C. The dye mixture and EVs were incubated for 10 minutes protected from light with gentle mixing 
by pipetting every minute. Excess dye was removed with 50μL of exosome-depleted fetal bovine serum (Sigma-Aldrich). 
Then, PKH26-labeled EVs were diluted in 1mL of PBS and transferred to Amicon Ultra-2 centrifugal filters 100 kDa 
MWCO filters (Merck Millipore, Darmstadt, Germany) and centrifuged at 3000×g for 15 min at 4°C. This step was 
repeated twice then the sample was diluted to the necessary concentration for the experiments.

NPs-PLA-PEG Synthesis
PEG2000-b-PLA450 diblock copolymers were obtained with Poly(ethylene glycol) (PEG, MW 2000) and poly(DL-lactic 
acid) by ring-opening polymerization, and NPs produced as previously described.24 Polymer (25 mg of PLA-PEG) and 
DNZ base (5 mg) were dissolved in 4 mL of acetone (Sigma-Aldrich, St Louis, USA). The organic phase was then added 
dropwise to the aqueous phase under stirring at 1000 rpm. Finally, the above mixture was added dropwise at an injection 
speed of 1 mL/min (Harvard Apparatus 22, Harvard, USA) to 10 mL of MilliQ water. The organic solvent was removed 
by using a rotary evaporator IKA RV 10 Control (IKA-Werke GmbH & Co. KG) at 40°C and 400 m bar pressure for 
1 hour. NPs were then transferred to an ultrafiltration device (Amicon Ultra centrifugal filters, MWCO 100k) and washed 
3 times with PBS to remove the unentrapped drug.

NPs-PLA-PEG Labeling with Cy5
Fluorescent NPs (PLA-PEG-Cy5) were also produced with the same nanoprecipitation method described above with the 
addition of the Cy5 dye. To remove the free dye, NPs were dialyzed for 2 days in MilliQ water using cellulose dialysis 
(12–15 kD cut-off, Sigma-Aldrich, ON Canada). The dialysis medium was changed 2–3 times a day. To confirm the 
absence of free dye in the formulation, samples were ultracentrifuged 3 times with PBS using an ultrafiltration device 
(Amicon Ultra centrifugal filters, MWCO 100k) at 10,000×g for 15 min at 4°C. The filtrate from the last wash was used 
as a control. NPs-PLA-PEG-Cy5 were kept at 4 °C until further use.

Nanoparticle Tracking Analysis (NTA)
The particle size and concentration of DNZ-EVs or NPs-PLA-PEG-Cy5 formulations were measured using NTA NS300 
(Nanosight, Malvern Panalytical. UK). The system is equipped with a 488 nm laser and running with NTA 2.3 analytical 
software package. Samples were diluted in Milli-Q water to a range of 1×109-1.5 × 1011 particles/mL and analyzed with 
the camera level set at 14 and detection threshold set at 7. For each sample, three consecutive 60-sec videos were 
recorded at room temperature while the sample was injected with a syringe pump at the speed 100.

Polydispersity Index (PDI) and Surface Charge
The NPs were dispersed in MilliQ water after adequate dilution (1:100, v/v) for PDI and Zeta potential analysis using the Malvern 
Zetasizer 3000 (Malvern Instruments, UK). PDI was measured to determine the dispersity of the particle size distribution and zeta 
potential was studied to determine the surface charge of the NPs. All the measurements were carried out in triplicate at 25 °C.

Transmission Electron Microscopy (TEM)
The morphology of EVs and NPs-PLA-PEG were investigated by TEM. In brief, samples were fixed with 2% 
paraformaldehyde (PFA), added (10 µL/grid) to Formvar-carbon coated grid, and adsorbed for 5 min. Samples grids 
were then incubated with 2% uranyl-acetate (EVs) or one drop of 3% (w/v) phosphotungstic acid (NPs-PLA-PEG) for 1 
min for negative staining. Excess stain was soaked off by a filter paper and the samples were examined in a Hitachi HT 
7100 (Hitachi, Tokyo, Japan) electron microscope at 75 kV at 17000X–40000X magnification.
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Capillary Western Blot Analysis (Jess)
EVs-specific proteins were analyzed using the capillary Western blot Jess system (ProteinSimple, CA, USA) 
according to the manufacturer’s protocol. Briefly, samples were diluted to a concentration of 1 mg/mL, denatured 
at 95 °C for 5 min, and processed using the 12–230 kDa Jess Separation Module with different antibodies: anti- 
TSG101 antibody (Novus Biologicals LLC, Cat. NB200-112, 1/10), anti-CD63 antibody (R&D Systems; Cat. 
MAB50482, 1:20), anti-calnexin antibody (Novus Biologicals LLC; Cat. NB100-1965, 1:25). The fluorescence 
detection was quantified with streptavidin-HRP (ProteinSimple; Cat. 042–414). After protein migration (25 
minutes at 375 V) they were incubated for 30 minutes with the primary antibodies, followed by a washing step 
and a 30-minute incubation with the secondary antibodies. Finally, the Compass Simple Western software (version 
5.0.1, ProteinSimple) was used to capture the digital image of the capillary immunodetection.

Encapsulation Efficiency (EE %) and Drug Loading (DL%)
The EE% and DL% of DNZ in the nanoformulations were determined using a Multiskan SkyHigh Microplate 
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Briefly, DNZ (1 mg) was dissolved in Acetonitrile/ 
Methanol/Water (50/40/10%) and diluted to different concentrations. The absorbance values at 267nm was plotted to the 
standard curve of DNZ to get the concentration. The linearity range of the calibration curve was within 0.5–25 μg/mL with 
a correlation coefficient of 0.9988. Ultrafiltration was used to determine the EE. For this, samples were placed in an ultrafiltration 
device (Amicon Ultra centrifugal filters, MWCO 100k) and centrifuged at 10.000 rpm for 15 min at 4°C to remove the free DNZ 
then the filtrated was analyzed at 267 nm. The EE% and DL% were calculated using the following equation:

In vitro Release Profiles
The equivalent to 300 μg/mL of DNZ nanoformulations were transferred to a dialysis membrane immersed in a vial 
containing 10 mL fresh PBS (pH 7.4) maintained at 37°C, with continuous magnetic stirring (100 rpm) for 24h. At 
different time intervals, a small volume of the release medium was removed and replaced by the same volume of PBS. 
The DNZ content in the release medium was quantified in triplicate using the same method to determine the encapsula-
tion efficiency (see above).

Stability Assay
To study the formulations stability and their potential to withstand atmospheric/environmental changes, the EVs samples 
were stored at –20°C and NPs-PLA-PE at 4°C. Samples were withdrawn at day 1, 30, and 60-day time intervals and 
analyzed for mean particle size, zeta potential, PDI, and drug content using the previously mentioned methods. Each 
study was performed in triplicate.

Cells Culture
bEnd.3 cell line was purchased from ATCC (ATCC CRL-2299TM), and cultured in Dulbecco’s Modified Eagle’s Media 
(DMEM)(Invitrogen) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) and antibiotics (100 U/mL 
penicillin and 100 g/mL streptomycin). Human neuroblastoma cell line (SK-N-SH) was cultured in Eagle’s minimal 
essential medium (EMEM) supplemented with 10% FBS, 1% sodium pyruvate (1 mM), and 1% (v/v) of both penicillin 
and streptomycin. Cells were grown in an incubator with optimal culture conditions of 37 °C and 5% CO2, and the 
medium was routinely replaced every 2–3 days.
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Cytotoxicity (Resazurin Assay)
The potential cytotoxic of all formulations was performed with the Resazurin reduction assay. For this, bEnd.3 and SK- 
N-SH were harvested using trypsin/0.25% EDTA. Cells were plated with 100 µL/well at the density 2 × 104 cells/mL in 
96-well plates (Corning Incorporated, Corning, NY, USA). After 48 h of proliferation, the medium was removed and 
replaced with fresh complete medium containing the free DNZ or DNZ-loaded formulations with an equivalent of DNZ 
at 0.1, 1, 10, and 30 μg/mL for 24 h. Cell viability was determined with the excitation at 530 nm and emission 
wavelength at 590 nm with the SynergyTM HT plate reader (BioTek Instruments, Inc. Winooski, VT, USA). Cell viability 
obtained with the PBS-treated cells was considered as 100%.

AChE Inhibition Assay
The activity of AChE was determined spectrophotometrically in a 96-well microplates by the Ellman’s method with slight 
modifications.40 The inhibitory effect of 10 μg/mL of free DNZ, DNZ-loaded NPs-PLA-PEG or EVs was determined on 
SK-N-SH neuronal cells in a 6-well plate. For this, after 24 hours of treatment, cells were washed 3 times with PBS (pH 
7.4), total proteins were extracted followed by the addition of a cocktail of protease and phosphatase inhibitors (Roche® 

Basel, Switzerland) and protein was quantified by the BCA assay (Thermo Scientific Pierce, Rockford, IL, USA).
The reaction solution was prepared by mixing 15 mL of Sodium phosphate monobasic buffer at 10 mM, with the pH 7.5– 

8.0 (Sigma-Aldrich), 200 μL of the enzymatic substrate acetylthiocholine iodide at 75 mM (Sigma-Aldrich), and 500 μL of 
5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB) at 10 mM in sodium phosphate monobasic. The Ellman’s assay was initiated by 
adding the reaction solution to 10 μg of the cell lysates in a 96-well plate for a total volume adjusted to 200 μL. After 10 min of 
incubation, the absorbance was measured at 412 nm every minute for up to 30 min using a Multiskan SkyHigh Microplate 
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The 30 min time point was chosen because it was in the 
linear phase of the assay. The percent of inhibition of the enzyme activity was calculated by the equation given below:

Cells Internalization of Nanoformulations
bEnd.3 and SK-N-SH cells were seeded in a 24-well plate (Sarstedt, Montreal, Canada) at a density of 1×105 cells/cm2. 
After reaching 90% confluence, 1.98×1010 particle/cm2 of PKH26-labeled EVs and Cy5-labeled NPs-PLA-PEG were 
added to the cell culture medium. 24 h after, cells were washed twice with ice-cold PBS then trypsinized (Trypsin/0.25% 
EDTA) at 37 °C for 5 min. Cell suspensions were transferred to 5 mL RIA tubes (Falcon, Corning, USA) and centrifuged 
at 4000 rpm for 4 min at RT (Sorvall Legend, ThermoScientific). After media removal, cells were washed twice with 
PBS at pH 7.4 and finally resuspended in 0.5% PFA/PBS. Cells were kept at rest at 4 °C for 1 h before analysis. The 
uptake of PKH26-labeled EVs and Cy5-labeled NPs-PLA-PEG was analyzed on a BD LSR Fortessa cytometer (Becton- 
Dickinson, Boston, MA, USA) with a minimum of 10,000 events recorded/sample. The fluorescence of NPs-PLA-PEG- 
Cy5 was followed at λ Exc. 633 nm/λ Em. 647 nm (Alexa 647) and EVs-PKH26 in λ Exc.551 nm/λ Em. 567nm (PE). 
Analysis was performed using FlowJo V10.5 software (FlowJo LLC, Ashland, OR, USA) with an FSC-A and SSC-A to 
exclude debris and dead cells followed by FSC-H versus FSC-A to exclude doublets. Finally, fluorescent positive cells 
were blocked in the appropriate fluorescent channels: FSC-A x PE-H for PKH26 and FSC-A x Alexa 647 for Cy5.

Establishment of the BBB Model and in vitro Transcytosis of Nanoformulations
For the transcytosis experiment, the bEnd.3 monolayer cell line were cultured on the PET Transwell® filters with 1 μm 
pore diameter and 0.3 cm2 surface area (Corning Costar, Cambridge, MA) as previously described.41 Cells were seeded 
at a density of 5×104 cells/insert, the media in the apical and basal compartment was 0.5 mL each and was changed every 
other day during the 7–10 days of culture. Cells were allowed to build tight junction (TJ) for at least 10 days.42 The 
bEnd.3 monolayer cell integrity was validated by measuring the TEER, the permeability of the fluorescein dextran 
isothiocyanate, and finally the immunofluorescence of tight junction proteins as previously described.41 Details are 
described in the Supplementary Data Section.
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On the basolateral side, SK-N-SH cells were seeded on the bottom of the basal compartment at a density of 5×104 

cells/insert to examine the internalization of nanoformulations released by the bEnd.3 cells.
For the transcytosis assay, labeled formulations (1.2 × 1010 particles) were added to the apical compartment for 24h at 

37°C. Media on the basolateral side were collected and evaluated by nanoflow cytometry (NanoAnalyzer U30 instru-
ment, NanoFCM Inc., Nottingham, UK). The nFCM flow nanoanalyzer was used to calculate the number of uncaptured/ 
suspended NPs and their labeling following the manufacturer’s instructions. Two single photon count avalanche 
photodiodes (APDs) were used for the simultaneous detection of side scatter (SSC) and single particle fluorescence. 
The fluorescence of NPs-PLA-PEG-Cy5 was monitored in the bandpass filter (680/40) and EVs-PKH26 in the bandpass 
filter (580/40). Measurements were made for 1 minute at a sampling pressure of 1.0 kPa with a particle count between 
3000 to 10,000/min. The instrument was calibrated for concentration and size using a standard of 250 nm silica 
nanoparticles of known concentration and a cocktail of 4-modal silica nanospheres (NanoFCM Inc., S16M-Exo), 
respectively. Data processing was performed using the nFCM Professional Suite v1.8 software. Subsequently, SK- 
N-SH cells on the basolateral side were washed with PBS, trypsinized, harvested, and the uptake was quantitatively 
measured by flow cytometry (LSRFortessaTM BD Biosciences) using the same parameters to determine the cellular 
internalization.

Zebrafish Maintenance
Wild-type and Tg (flk1:EGFP) adult zebrafish (Danio rerio) were maintained at 28 °C at a light/dark cycle of 12/12 h, 
staged, and maintained according to standard procedures.43 The zebrafish flk1 promoter is able to drive the expression of 
green fluorescent protein (EGFP) which is expressed in all blood vessels in embryos and larvae making it a good model 
for biodistribution studies.44,45 Zebrafish were bred and the embryos were raised in embryo media (E3 medium) prepared 
from 5 mM NaCl, 0.17 mM KCl, 0.4 mM CaCI2, and 0.15 mM MgSO4 in 1 L of MilliQ water. Eggs containing dead or 
poor-quality embryos were removed. Embryos were raised in E3 medium in a dark incubator at 28°C for subsequent 
experiments. Until 24 hours postfertilization (hpf), E3 medium was supplemented with 0.3 mg of methylene blue/liter to 
prevent fungal growth. For imaging studies, pigment formation was blocked by adding 0.003% phenylthiourea (PTU) 
dissolved in egg water at 24 hpf. All experiments were performed in line with the guidelines of the Canadian Council for 
Animal Care (CCAC) and the Institut National de la Recherche Scientifique (INRS) animal ethics committee (#2005-01).

Acute Toxicity Test in the Zebrafish Embryo
Fertilized eggs from wild-type zebrafish were harvested and collected under a microscope, and dead/unfertilized embryos 
were removed to avoid contamination of the test solution. These eggs were incubated in E3 medium in a 6-well plate at 
a density of 10 eggs/well in 3 mL of the medium at 28°C and all experiments were performed in triplicate.

Acute toxicity of free DNZ toxicity was assessed (see Supplementary Data) by exposing the embryos to DNZ (1, 10, 
30, 50, and 100 μg/mL) diluted in fish water. Survival, hatching time and malformation were recorded for 3 days.

The toxicity of the nanoformulations composed by the free DNZ, EVs-DNZ, NPs-PLA-PEG-DNZ groups at 10 μg/ 
mL, and the control group was evaluated in 3 days. The exposure solutions were refreshed every 24 h to avoid 
aggregation of the NPs. Toxicity was assessed based on survival rate, hatching time, and gross morphological changes 
(viable larvae without deformations) at each time point: 24, 48, and 72 hpf using a stereomicroscope (Leica S6, 
Germany). Deformities included pericardial edema, yolk sac edema, tail deformities, and spinal curvature.

Larvae Behavior Test
After continuous exposure to the aforementioned treatments for 144 hpf (6 days), the zebrafish larvae were transferred to 
a 96-well plate (one fish per well). Subsequently, the plate was placed inside the DanioVision™ observation chamber 
(Noldus Information Technology, Leesburg, VA) for 30 minutes in the dark at 28.5°C. Then the light source inside the 
DanioVision observation chamber was turned on for 2 hours and the total distance traveled by each larva was tracked 
during dark and light periods by EthoVision® XT video tracking software (Noldus Information Technology, 
Leesburg, VA).
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Intravenous Injection into Zebrafish Embryos
Zebrafish embryos 48 hpf were anesthetized with (0.02%) tricaine (Sigma) and positioned on a 35mm glass bottom Petri 
dishes (MatTek Corporation, MA, USA) coated with 1% low-melting agarose (UltraPure™LMP Agarose, Invitrogen, 
Life Technologies, Canada). The formulations were loaded into borosilicate glass capillary needles (Harvard Apparatus) 
and then 4 nL were microinjected into the duct of Cuvier. The injections were performed using a Pneumatic nanoinjector 
(FemtoJet 4i, Eppendorf, USA) and a manual micromanipulator MN-153 (Narishige, Zeiss Canada Ltd., ON Canada).

Drug Treatments and in vivo Determination of Acetylcholinesterase Activity in the 
Head
Briefly, 48 hpf zebrafish embryos were anesthetized and 4 nL (0.4 ng of DNZ) of the nanoformulations (free DNZ, EVs- 
DNZ, and NPs-PLA-PEG-DNZ at 100 μg/mL) were microinjected. After 24h, larvae from each group were anesthetized 
in ice-cold PBS (2–4 °C) and sacrificed by decapitation after cessation of opercular movements. Then they were 
homogenized using a portable motorized mini homogenizer (Cole Parmer, Vernon Hills, IL, USA). Homogenates from 
each group were centrifuged at 10,000 g for 10 min at 4°C and the supernatant was collected. AChE activity was 
determined for each exposure group in the larval homogenate supernatant following the same protocol previously 
described for cells.40 The experiments were conducted using samples containing a pool of 7 larval brains and all 
enzymatic assays were performed in at least three different experiments, and each was performed in triplicate.

Image Acquisition (ZF Larvae Biodistribution)
Tg (flk1:EGFP) zebrafish embryos were cultured under standard conditions at 28°C in E3 medium containing PTU. 
Injections of 4nL of the formulations (NPs-PLA-PEG-Cy5 and EVs-PKH26) into zebrafish embryos (48 hpf) were 
performed as described above. Such injection represents the amount of 7.92×105 NPs. For image acquisition, zebrafish 
larvae were kept under anesthesia and embedded in low-melting agarose. Image of successfully injected zebrafish 
embryos was performed at 24h post-injection (hpi) using a Zeiss LSM780 system confocal microscope (Zeiss, 
Germany) equipped with a Plan-Apochromat 10x/0.45 objective (whole embryo) and 20x/0.8 objective (brain). 
Optical filters providing excitation/emission at 569nm/631nm, 636nm/737nm, and 488nm/510nm were used for the 
detection of PKH26, Cy5, and EGFP, respectively. Acquisitions were performed using Zen® 2011 software (Zeiss, 
Germany), while image analysis was processed using the Fiji Image J software.46

Statistical Analysis
All statistical analyses were performed using GraphPad Prism software, version 9.5.1 (GraphPad Software, San Diego, 
CA, USA), and results with a P value <0.05 were considered statistically significant. Each experiment was repeated at 
least three times. All data were presented as the mean ± standard error of the mean (SEM). Differences between two 
groups were compared using a two-tailed Student’s t-test, and more than two groups were compared using a two-way or 
one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test.

Results
EVs and NPs Characterizations
TEM and NTA showed the typical “cup-shaped” morphology of EVs with a mean diameter of 126 ± 0.38 nm (Figure 1A 
and B). Western blotting showed the presence of EV specific marker proteins (CD63 and TSG101) and the absence 
calnexin supporting the absence of contaminating intracellular particles during the EVs preparation steps (Figure 1C). 
The average protein content determined by the BCA assay kit was 2.5 ± 0.21µg/µL.

On the other hand, NPs-PLA-PEG-DNZ, obtained by nanoprecipitation, had spherical morphology and an average 
size of 107 ± 0.15 nm (Figure 1D and E). The zeta potential of EVs-DNZ and NPs-PLA-PEG-DNZ was similar with 
−42.43 ± 1.52 mV and −43.56 ± 0.50 mV, respectively (Figure 1F and G). However, the size distribution was more 
uniform for NPs-PLA-PEG-DNZ (PDI: 0.13 ± 0.016) as compared to EVs-DNZ (PDI: 0.36 ± 0.01) (Figure 1H).
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Some changes after drug encapsulation in the systems were observed. The NTA analysis showed that after drug 
loading, the size of EVs-DNZ and NPs-PLA-PEG-DNZ was statistically increased compared to the blank EVs and NPs- 
PLA-PEG (Figures 1K and S1A). In addition, DLS analysis showed that drug loading caused a decrease in the absolute 
value of the zeta potential of EVs-DNZ and a reduction in PDI (Figure 1L).

Increases in EVs and NPs size and size distribution indirectly reflect the successful loading of DNZ, while the 
negative zeta potential implies that EVs-DNZ were likely more stable and more resistant to aggregation as observed in 
the stability study (Figure S1A). The negative zeta potential may contribute to the greater stability of the EVs-DNZ 
formulations during storage at −20°C as no significant changes in particle size and PDI were observed after thawing 
(Figure S1A and B).

Regarding NPs-PLA-PEG, drug loading did result in an increase of the PDI but no change in the absolute value of the 
zeta potential was recorded (Figure 1K and L). Zeta potential values lower than −30 mV recorded for the NPs-PLA-PEG- 
DNZ formulations during the stability study also contributed to maintain a monodisperse particle population of the 
formulations and low particle size (Figure S1C).

DNZ encapsulation efficiencies were 57.6 ± 1.45% and 48.2 ± 0.92% in EVs-DNZ and NPs-PLA-PEG-DNZ, 
respectively. Drug loading values were 43.0±0.81 for EVs-DNZ and 10.3±0.14 for NPs-PLA-PEG-DNZ (Figure 1I). 
Even after 2 months of storage, drug encapsulation values in the system remained above 38% (Figure S1D). Considering 
that donepezil free base is less soluble in water (33 g/L) and the physicochemical properties of EVs, the drug may be 
retained in parts in the lipid bilayer and in its interior/core.47,48 In relation to PLA-PEG, encapsulation occurs by trapping 
the drug within the polymeric matrix after the drug and polymer are dissolved in an organic solvent and then in contact 
with an aqueous solution (nanoprecipitation method).49 The in vitro release of DNZ from the formulations using the 
dialysis bag method was compared to the diffusion of a free DNZ solution (Figure 1J). EVs-DNZ and NPs-PLA-PEG- 
DNZ showed a slower and more sustained drug release than free DNZ as expected. In the first hour, 43.4 ± 1.98% and 

Figure 1 Characterization of EVs-DNZ and synthetic NPs-PLA-PEG-DNZ. (A and D) A representative TEM image of EVs-DNZ and NPs-PLA-PEG-DNZ. Scale bar, 100 nm. 
(B, E, and F) Size distribution of EVs-DNZ and NPs-PLA-PEG-DNZ measured by NTA. (C) Western blot analysis of EVs isolated from human plasma and cell lysates to 
confirm the expression of the EVs marker proteins CD63, TSG101, and Calnexin (as negative control). (G) Zeta potential, (H) PDI, and (I) encapsulation efficiency and drug 
loading of EVs-DNZ and NPs-PLA-PEG-DNZ. Data are shown as mean ± SEM. n = 3 per group, unpaired t-test. (J) In vitro drug release study of free DNZ, EVs-DNZ, and 
NPs-PLA-PEG-DNZ. Data are presented as mean ± SEM (n = 3 per group) with *p < 0.05, **p < 0.01, ***p< 0.001, and ****p < 0.0001 vs free DNZ; and #p < 0.05, ##p < 0.01 
vs NPs-PLA-PEG-DNZ. (K and L) Effect of drug encapsulation on size, zeta potential, and PDI. Data are presented as mean ± SEM (n=3).
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32.3 ± 2.81% of the encapsulated drug were released from the EVs and NPs-PLA-PEG respectively, compared to more 
than 88.9 ± 1.50% of the free DNZ. When evaluated over a 24h period, the DNZ release profile of EVs displayed an 
initial burst release followed by a slower release phase until release reached almost 100% (93.1 ± 1.25%). For NPs-PLA- 
PEG, the amount of DNZ released in 24 h remained close to 32% indicating that the synthetic NPs had a slower release 
profile in vitro compared to EVs and free DNZ (Figure 1J).

Effects of Formulation on Cell Viability and AChE Activity in vitro
Resazurin-based assays were used to analyze the toxicity of bEnd.3 and SK-N-SH cells induced by different concentrations of 
DNZ and to determine whether its encapsulation could reduce free DNZ-associated in vitro toxicity (Figure 2A). bEnd.3 is the 
most widely endothelial cells used to study the permeability of the tight junctions which are representative of the BBB.50 Free 
DNZ and NPs-PLA-PEG-DNZ were not toxic to bEnd.3 cells while, they induced, respectively, 57.2 ± 8.58% and 73.4± 
6.56% reduction of the SK-N-SH cells viability at 30 mg/mL (Figure 2A). Interestingly, the EVs-DNZ formulation was not 
toxic to both cell lines (Figure 2A). No toxicity was observed in cells treated with the blank formulations (Figure S2). Based on 
these results, 10 µg/mL of DNZ was selected for the rest of the study (encapsulated or not).

For the inhibition of the enzyme activity, SK-N-SH cells were treated with 10 µg/mL of free DNZ, or with either both 
formulations EVs-DNZ or NPs-PLA-PEG-DNZ containing an equivalent of 10 µg/mL of DNZ. After 24 hours of 
treatment, free DNZ and EVs-DNZ significantly inhibited the AChE activity by 34.34 ± 2.02% and 34.30 ± 1.06%, 
respectively. Interestingly, the inhibitory effect observed with free DNZ and EVs-DNZ was two fold higher than with the 
NPs-PLA-PEG-DNZ formulation (15.51 ± 1.13%) (Figure 2B). These results could be due to lower release of DNZ by 
the formulation NPs-PLA-PEG-DNZ or higher uptake of free DNZ and EVs-DNZ by neuronal cells which could confirm 
better biocompatibility of the EVs-DNZ formulation.

Internalization of EVs and NPs-PLA-PEG
For the uptake studies, the nanoformulations were labeled with the fluorescent dyes PKH26 (EVs-PKH26) and Cy5 
(PLA-PEG-Cy5) (Figure 3A). PKH26 has aliphatic tails that are anchored in the lipid bilayer of the plasma membrane of 
EVs.51 Cy5 has proved to be a good platform for rapid assessment of the biodistribution of NPs in vivo in many 
studies.24,52 The fluorescence intensity of EVs-PKH26 and PLA-PEG-Cy5 was confirmed by the nanoscale flow 
cytometer (nFCM) specially designed for small particles detection (Figure 3B). Then, the uptake of EVs-PKH26 and 
PLA-PEG-Cy5 by SK-N-SH and bEnd.3 cells was analyzed by FACS. After 24h incubation of bEnd.3 cells with EVs- 
PKH26 and NPs-PLA-PEG-Cy5, 92.57 ± 0.17% and 92.83 ± 0.32% of the cells were, respectively, fluorescent 
(Figure 3C and D). For SK-N-SH cells, 99.03 ± 0.37% and 99.22 ± 0.20% were fluorescent when incubated with EVs- 
PKH26 and NPs-PLA-PEG-Cy5, respectively (Figure 3E and F). Overall, the uptake efficacy by both cell types was 
similar for both nanoformulations.

Figure 2 Evaluation of cell viability and AChE activity in neuronal cells. (A) bEnd.3 and SK-N-SH cells viability after treatment with different concentrations of free DNZ, 
EVs-DNZ, and NPs-PLA-PEG-DNZ for 24h as determined by resazurin assay. Data presented are mean ± SEM (n = 6), **p < 0.01 vs control without treatment. (B) Effect of 
formulations on AChE inhibition in neuronal cells (SK-N-SH). Inhibition of the enzyme activity in percentage of the control group without treatment with n = 3 per group. 
****p < 0.0001 vs control and ####p < 0.0001 vs PLA-PEG.
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In vitro BBB Transcytosis Study
After 8 days of culture, the integrity of the tight junctions (TJ) of the bEnd.3 cell monolayers was validated with the TEER 
recording values of 29 ± 0.3 Ω × cm2, the permeability of 6.7×10−6 ± 0.31 cm s−1 to Dex-FITC, and the expression of TJ 
proteins ZO-1 and claudin-5 proteins (Figure S3) confirming the restricted paracellular transport53 (Figure 4A). The 
permeability of the fluorescent NPs through the bEnd.3 monolayer cells and their uptake by SK-N-SH cells seeded at the 
bottom of the basal compartment (the “brain side” of the Transwell®) were quantified by flow cytometry (Figure 4B and C).

The images showed that most of the bEnd.3 monolayer cells in the Transwell® were strongly fluorescent after 
incubation with the labeled nanoformulations corroborating the high uptake shown by the flow cytometry (Figure 3C and 
D). Live confocal microscopy also confirmed that both EVs-PKH26 and NPs-PLA-PEG-Cy5 were not merely bound to 
the cells membrane but were internalized by bEnd.3 cells (Figure 4F, G and H).

The transcytosis of NPs-PLA-PEG-Cy5 and EVs-PKH26 across the monolayer was 65.9 ± 4.27% and 13.7 ± 2.08%, 
respectively. No interaction between the NPs-PLA-PEG with the Transwell® filter was observed as they crossed the pores 
of the cell-free Transwell®. However, around 30% of the EVs added to the apical compartment interact with the filter (data 
not shown). NPs were quantified in the culture medium of the basal compartment by nanoscale flow cytometry (nFCM). 
After 24 h, 3.31 ± 0.56% of NPs-PLA-PEG-Cy5 while only 0.17 ± 0.02% of EVs-PKH26 remained in suspension in the 
basal medium suggesting a greater fraction of EVs-PKH26 is associated to SK-N-SH cells (Figure 4D and E).

Acute Toxicity of DNZ and Nanoformulations Exposed to Larvae to Embryos Zebrafish
Zebrafish larvae were exposed to different concentrations of the free drug DNZ (1, 10, 30, 50, and 100 μg/mL) and the survival 
rate, hatch rate, and gross morphological changes were examined at different time point (Figure 5A). The highest concentra-
tion without causing toxicity (malformation and embryonic mortality) until 72h was 10μg/mL (Figures 5B and S4A–D). Thus, 
nanoformulations with an equivalent concentration of 10μg/mL of DNZ was selected for the in vivo experiments.

Figure 3 Uptake of EVs and NPs-PLA-PEG by bEnd.3 and SK-N-SH cells. (A) Schematic representation of staining of EVs and NPs-PLA-PEG by PKH26 and Cy5, 
respectively. Created with BioRender.com. (B) Representative of nFCM fluorescence intensity resulting from staining EVs with PKH26 (red) or NPs-PLA-PEG with Cy5 
(blue). Black signal resulted from EVs and NPs-PLA-PEG without fluorescence labelling (control). Flow cytometric analysis of EVs-PKH26 or NPs-PLA-PEG-Cy5 uptake by 
bEnd.3 (C and D) and SK-N-SH (E and F) cells after 24h of incubation. Controls represent cells that were not incubated with any formulation (untreated). The filtrate from 
the last wash after labeling and the unlabeled nanoformulations (EVs and NPs-PLA-PEG) were used to determine the background. The percentages of PKH26 and Cy5 
positive cells are indicated inside the gates.
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However, exposure to DNZ-loaded EVs anticipated the hatching time of the embryos (Figure 5C) as compared to 
NPs-PLA-PEG-DNZ, and free dugs (*p < 0.05). No obvious morphological changes (viable larvae without deformations) 
or growth retardation were observed for any group until 72 hpf exposure to nanoformulations containing the equivalent 
of 10μg/L of DNZ (Figure 5D). Behavioral test on the sixth day after DNZ or NPs-PLA-PEG-DNZ treatment revealed 
that the locomotor activity, in relation to the total distance traveled, was higher than in EVs-DNZ treated zebrafish or 
controls (Figure 5E). Higher locomotor activity is mainly due to the peripheral inhibition of AChE induced by DNZ or 
NPs-PLA-PEG-DNZ while EVs-DNZ did not induce peripheral side effects.

Image Acquisition (Biodistribution) and Acetylcholinesterase Activity in the Larvae Head
Our objectives were to increase the delivery of DNZ into the brain through the nanoformulations. For this, NPs-PLA-PEG- 
Cy5 or EVS-PKH26 systems were injected intravenously (Cuvier’s duct) into the transgenic Tg (flk1:EGFP) larvae 48 hpf 
(Figure 6A). There was evident accumulation of both particles along the trunk and tail 24 h after injection, suggesting an 
interaction with cells in this region. Sinusoidal endothelial (or scavenger) cells and macrophages located in the tail region of 
the embryonic zebrafish are known to be an important cell type in the binding, absorption and elimination of nanoparticles 
(Figure 6B and D).54 Interestingly, both nanoformulations were found in the brain with higher levels of EVs-PKH26 in 
cerebral blood vessels and in the brain parenchyma (Figure 6C and E). These results demonstrate higher brain accessibility 
of EVs-PKH26 as compared to NPs-PLA-PEG-Cy5 following an intravenous injection.

Figure 4 Transcytosis efficacy of nanoformulations through the bEnd.3 cells and their uptake by SK-N-SH cells. (A) Schematic representation of the experimental design 
with the bEnd.3 cells monolayer cultured in the upper chamber (apical) of the insert Transwell® with 1 μm membrane pores and SK-N-SH cells seeded on the bottom of the 
basal compartment (the “brain side” of the Transwell®). Fluorescent formulations were added in the apical chamber at the equivalent concentration of 1.2 × 1010 particles 
and incubated for 24 h. Created with BioRender.com. (B) Flow cytometry plots indicating the percentage of nanoformulations (EVs-PKH26 and NPs-PLA-PEG-Cy5) taken- 
up by SK-N-SH after 24 h of incubation; the percentages of PKH26-positive or Cy5-positive cells are indicated inside the gates. (C) bar graph representing the quantification 
of the EVs-PKH26 (in red) and NPs-PLA-PEG-Cy5 (in blue) uptake and control cells (in black) were without nanoformulation. Data presented are mean ± SEM (n = 6). ***p 
< 0.001 vs control and ####p < 0.0001 vs control and EVs-PKH26. (D) Bivariate dot plots of PE (PKH26) and Cy5 fluorescence versus SSC of the nanoformulations (EVs- 
PKH26 and NPs-PLA-PEG-Cy5) present in the culture medium of the basal compartment of the Transwell®). (E) Quantification of nanoformulations in suspension in the 
basal medium after 24h of incubation. Data shown are mean ± SEM (n = 5), ****p < 0.0001 vs control and EVs-PKH26. (F) Representative fluorescence images showing the 
uptake of EVs-PKH26 and NPs-PLA-PEG-Cy5 by bEnd.3 cells (monolayer grown on the insert filter) after 24h incubation. EVs-PKH26 and NPs-PLA-PEG-Cy5 appear in red; 
core, blue; and claudin-5 (in green). Scale bar, 30 μm. Orthogonal views of 3D image stacks confirm the uptake of EVs-PKH26 (G) and NPs-PLA-PEG-Cy5 (H) in bEnd.3 cells. 
Scale bar, 60 μm.
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AChE inhibition was measured in the head of embryos following an intravenous injection of nanoformulations at 48 
hpf (Figure 6F). All treatments led to the inhibition of the AChE activity in the zebrafish head after 24 h. More 
interestingly, the inhibition of the enzyme activity was 1.36 higher with the EVs-DNZ nanoformulation reaching 38.62% 
± 9.75%, as compared to the NPs-PLA-PEG-DNZ nanoformulation (28.42% ± 2.0%) and free DNZ (14.43% ± 9.63%) as 
compared to control larvae without treatment (0.55% ± 0.32%) (Figure 6G).

Discussion
Treatment of many brain diseases remains challenging due to the impermeability of the endothelial cells that makes up the 
BBB, limiting the entry into the brain of about 98% of drugs.55,56 Among strategies to overcome the BBB, one of the most 
promising is the use of nanocarriers.57 We and others have demonstrated that synthetic NPs-PLA-PEG can cross the BBB, 
synthetic NPs-PLA-PEG and natural-occurring EVs are potential nanocarriers for drug delivery to the CNS.24,39,58–60 The 
use of smart carriers in recent decades has expanded into the field of targeted drug delivery. However, little is known about 
the advantages of EV-based drug delivery over the synthetic carriers.61 To date, a direct comparison between EVs and 
synthetic NPs (PLA-PEG) for drug delivery to the brain has not been performed. This dialogue can help us to better 
understand EVs as delivery systems and facilitate their medical application using the knowledge gained during the last 
decade by synthetic NPs.

As a first objective, the complete physicochemical characterization of nanometric delivery systems is critical because 
its determine the interactions with the biological medium and cell surfaces. As for the hydrodynamic size, they showed 
the same size range and zeta potential, an increase in size after the encapsulation step, which can be attributed to the 
accommodation of the drug in the structure of the systems.62 Sonication (the process used in EVs) could also be another 
factor as it is expected that the energy generated in the process could lead to vesicle membrane remodeling or fusion 
resulting in a larger vesicle. This could also have impacted the surface charge of EVs-DNZ due to changes in the proteins 

Figure 5 Acute toxicity in the zebrafish embryo and larval behavior test. (A) Timeline of the experiments. Created with BioRender.com. (B) Mortality (%) and (C) hatching 
(%) of zebrafish embryos from the control group and after exposure to 10 μg/mL DNZ, EVs-DNZ, and NPs-PLA-PEG-DNZ containing an equivalent of 10 μg/mL of DNZ 
during 72 h. (D) Representative morphology of zebrafish embryos exposed to the nanoformulations. (E) The locomotor activity of zebrafish larvae on the sixth day after 
treatment with the free drug DNZ, or both nanoformulations. Tests were performed from 3 replicate trials using 10 embryos at each dose. Values are expressed as mean ± 
SEM, *p < 0.05 vs control. One-way ANOVA followed by Tukey as a post hoc comparison.
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and/or lipids of the membrane exposed to the surface of the vesicles.63,64 The zeta potential for NPs-PLA-PEG showed 
an overall negative charge without modification after drug loading. Low values of zeta potential (−40 mV) for both 
nanoformulations indicate reduced aggregation by the electrostatic repulsion of particles helping to increase physical 
stability. This is an essential requirement for efficient delivery of the drugs.65,66 Furthermore, NPs with a negative surface 
charge is more efficient for drug delivery across the BBB.67 These findings demonstrate that after drug loading, both 
nanoformulations were designed to be within the size range of 100 nm to 300 nm which is considered to be favorable for 
the transport of drugs across the BBB.68

The second objective was to assess biological safety and absence of cytotoxicity which are important parameters for 
biological applications and drug delivery systems. As previously observed, we also found that DNZ was toxic to neuronal 
cells from 30 μg/mL.69,70 Interestingly, EVs-DNZ nanoformulation was not toxic and even protect against DNZ induced- 
neuronal and bEnd.3 cells toxicity until 30 μg/mL but the same protective effect was not observed with the NPs-PLA- 
PEG-DNZ nanoformulation. One hypothesis for a lower cytotoxicity of EVs-DNZ would be the sustained release of the 
drug while the free drug diffuses rapidly and unrestrictedly into the cells.71 Moreover, a previous study showed that 
blood-derived-EVs from healthy donors, which included from multiple cells and with a complex composition, have 
a neuroprotective effect in addition to having low immunogenicity and low cytotoxicity, can also improve cell survival 
and/or reduce cell death.72–75 In addition, the in vivo efficacy of EVs-DNZ to inhibit the AChE activity is higher than 
DNZ and NPs-PLA-PEG-DNZ nanoformulation.

As a third objective, the nanoformulations were investigated for cell internalization, and ability to cross an in vitro 
BBB model. We found that the uptake by both cell types was very high (greater than 90%) for the two nanoformulations 

Figure 6 In vivo biodistribution of nanoformulations in zebrafish embryos and acetylcholinesterase activity in the head. (A) Scheme showing the injection site (i.v.) in 
embryonic zebrafish (48 hpf) and imaging period. NPs-PLA-PEG-Cy5 and EVs-PKH26 were microinjected into the Tg (flk1:EGFP) zebrafish larvae at a dose equivalent to 
7.92×105 NPs (4nL). Vascular endothelial cells are in green and labeled nanoformulations are in red. The nanoformulations were screened for in vivo distribution after 24h in 
the lateral position. Created with BioRender.com. (B and C) Whole embryo (10× magnification) and head-level (20× magnification) views of EVs-PKH26 biodistribution. 
EVs-PKH26 remains associated with the dorsal region of the embryo. Bright red dots were observed in the brain region of the larvae, corresponding to EVs-PKH26. The 
gray dots correspond to the presence of nanoformulations in the respective regions. (D and E) Whole embryos and head-level views of biodistribution. NPs-PLA-PEG-Cy5 
predominantly circulated freely and was distributed throughout the vasculature of the embryo. High levels of NPs-PLA-PEG-Cy5 were confined to the vasculature but low 
level in the brain parenchyma (gray). Scale bars: 200µm (whole embryo) and 100µm (head). (F) Schematic representation of the injection and AChE activity analysis. Created 
with BioRender.com. (G) Effect of nanoformulations on the inhibition of the AChE activity in the zebrafish brain. The percentage of inhibition values was calculated in 
comparison to the activity of the control group without treatment. Data presented are mean ± SEM (n=3), six fish per sample. ***p <0.001, ****p < 0.0001 vs control, ###p < 
0.001, ####p < 0.0001 vs DNZ, and $p < 0.05 vs NPs-PLA-PEG. One-way ANOVA followed by Tukey’s post hoc test.
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after 24h of exposure. It has been reported that the uptake of EVs and NPs-PLA-PEG could occur very rapidly as they 
were identified within cells after one hour of exposure.24,76 Transcytosis rates after 24h of ~50% were also observed for 
NPs-PLA with PEG length similar to that used in our study (2000g×mol−1).28 Although PEG is considered a non-toxic 
compound, NPs-PLA-PEGylated can induce an acute inflammatory response and an increased rate of endocytosis in 
bEnd.3 cells within 24h.77 Considering that the transcytosis previously requires endocytosis, this process may explain the 
exocytosis of the NPs-PLA-PEG in the basal compartment. We have previously showed that the transcytosis of NPs-PLA 
-PEG through the bEnd.3 cells occurred mainly by the macropinocytosis pathway which possibly led to their 
exocytosis.24 Although to a lesser extent compared to synthetic nanoparticles, our results showed the important finding 
that EVs could also overcome the BBB Transwell® model likely by macropinocytosis along with the clathrin-dependent 
pathway78,79 Neuronal activity can efficiently stimulate the uptake of EVs from the circulation which could also explain 
the low level of EVs in the basal medium.80 Regarding the NPs-PLA-PEG-Cy5, we have previously demonstrated that 
these neuronal cells can release them over time (after 6 hours) after being taken-up.24 Overall, our data suggest that EVs- 
PKH26 can be rapidly uptake by neuronal cells while NPs-PLA-PEG-Cy5 achieved a balance between uptake and 
release.

As a fourth and final objective, the evaluation of in vivo safety and brain distribution in zebrafish larvae model is 
fundamental for pharmacological applications. Zebrafish are used as a screening platform to improve the effectiveness of 
treatments as it is a reliable intermediate model that bridges the gap between in vitro cellular testing and in vivo 
mammalian experimentation.81 We found that both nanoformulations were not toxic to zebrafish embryos. However, 
early hatching was observed in embryos exposed to EVs-DNZ without impacting mortality or development. This finding 
has been observed before and is associated with the high sequence identity of the human marker CD63 in Zebrafish, 
associated with the pre-polster tissue responsible for the origin of the hatching gland.82,83 Another study showed that 
when CD63 knockdown was performed in embryos, there was a failure in hatching or delay in hatching, evidencing that 
tetraspanin CD63 found in EVs-DNZ (Figure 1C) plays a role in the mechanism of hatching involving probably surface 
proteins.84 NPs-PLA-PEG-DNZ and free DNZ were found to increase locomotor activity in zebrafish while the EVs- 
DNZ group was not different from the control. Similar hyperactivity-induced by DNZ was reported in response to the 
acoustic stimulus.85 Zebrafish larvae have acetylcholinesterase with enzymatic activity like other vertebrates. Moreover, 
they possess neuronal-type nicotinic acetylcholine receptors in the peripheral nervous and central system, in addition to 
muscle-type receptors that mediate the neuromuscular transmission at the neuromuscular junctions.86,87 A rapid tissue 
distribution of free DNZ or peripheral uptake of the NPs-PLA-PEG-DNZ system may have caused the peripheral action 
of the drug, resulting in the observed hyperactivity in locomotion test (Figure 5F). This response may be associated with 
the peripheral cholinergic side effects often associated with acetylcholinesterase inhibitor drugs in AD patients.88 

Considering that EVs-DNZ can deliver a higher drug concentration to the brain, less peripheral effect was observed 
compared to free drug and NPs-PLA-PEG-DNZ.

Zebrafish larvae is considered a valid in vivo model to assess the brain permeability of drugs due to the functionality 
and structure of the BBB which are homologous to the human.89,90 24 hours after the peripheral injection, both 
nanoformulations were observed around the plexus of the caudal vein region which is known to have large number of 
highly endocytic endothelial cells similar to those in mammals and a high tortuosity favoring particles uptake.91 

Moreover, it has been reported that the negative surface charge of NPs-PLA-PEG, EVs, or even other negatively charged 
NPs activates their uptake by cells.54 Interestingly, both nanoformulations were able to cross the BBB with higher brain 
distribution of PKH26-tagged EVs as compared to NPs-PLA-PEG. Some studies have also demonstrated that EVs were 
also capable of delivering drugs into the brain of zebrafish. It seems that the complex composition of EVs can help to 
circumvent natural barriers, and the presence of the CD63 biomarker may be one of the reasons for the selectivity of EVs 
by the BBB, allowing them to cross via receptor-mediated endocytosis.92 In another study, the brain targeting of 
quercetin was higher when it is loaded in plasma-derived EVs after an intravenous administration. Furthermore, the 
nanoformulation quercetin-EVs promoted improvements in AD symptoms by inhibiting phosphorylated tau-mediated 
neurofibrillary tangles.93 Previous study reported that exosomes can widely diffuse once they have entered the brain 
including the hippocampus, and be taken up particularly by damaged neurons and astrocytes.94 On the other hand, the 
peripheral distribution of NPs-PLA-PEG was higher than their cerebral uptake. More importantly, in addition to the brain 
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targeting properties, EV-DNZ were able to deliver their cargo DNZ more efficiently than NPs-PLA-PEG-DNZ and 
induced higher reduction of AChE enzyme activity than free DNZ or NPs-PLA-PEG-DNZ.

One of the main difference between synthetic and bioinspired NPs is the presence and the composition of protein 
corona, which may affect biodistribution and targeting ability.95,96 The present results suggest that the PEGylated NPs- 
PLA may triggered the interaction of complement proteins adsorbed on the surface of the NPs.97–99 In zebrafish many 
complement proteins such as C3 are transferred from mothers to eggs and can activate the opsonization process, 
facilitating phagocytosis and particle clearance.100,101 Thus, corona proteins may have been one of the factors explain 
different observations between in vitro and in vivo properties and between the polymeric and bioinspired NPs which 
interfered with their brain delivery and their therapeutic performance.

Regarding the investigation of the role of the BBB in the delivery of nutrients or drugs to the CNS, it was demonstrated 
that the in vitro model is an important tool to predict the transcytosis capacity of nanoformulations. However, as the BBB 
has a complex nature that is difficult to capture in a single in vitro model, hence the limitation that may have led to an 
overestimation (PLA-PEG) and underestimation (pEVs) of brain uptake when compared to the in vivo model (zebrafish).

Conclusion
In summary, bioinspired nanoformulations, compared to freely administered drugs and synthetic NPs, were superior in 
increasing DNZ drug bioavailability in the brain while maintaining safety. This study highlights the multifunctionality of 
EVs largely due to a complex biological structure that allows them to overcome some limitations found in synthetic NPs 
in addition to acting as efficient vehicles for drug delivery to the brain.

The head-to-head study design allowed us to demonstrate that DNZ-loaded EVs from healthy donors had 
numerous advantages over free drug therapies and synthetic NPs, evidencing their potential for the treatment of 
neurological disorders. First, EVs were more efficient in encapsulating the drug and showed less cellular toxicity. 
In vivo, both systems were biocompatible, with NPs-PLA-PEG showing better targeting efficiency than free drug, 
but less than EVs. Thus, DNZ-loaded EVs when injected systemically in an animal model had higher pharmaco-
logical response, lower peripheral side effect, and without toxicity. As perspective, it would be interesting to 
decorate the surface of EVs to enhance their permeability through the BBB and to further improve their brain 
therapeutic index.
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